Excised 7-day-old oat (A vena sativa L. cv. Jaycee) leaves were incubated in media containing 7.1 millimolar KNO3 and 0.15 millimolar tabtoxin or 1 millimolar methionine sulfoximine (MSO) There are three major potential sources for the ammonium: nitrogen assimilation; photorespiration; and protein hydrolysis followed by degradation of amino acids. Both of the first two sources involve GS; this enzyme is the first of two enzymes in the so-called GS-GOGAT cycle, which is considered to be the primary pathway for nitrogen assimilation in higher plants (8, 13, 18, 32). It also is reported (15, 16, 33) to play a role in photorespiration by recycling the ammonium released during the conversion of glycine to seine. At the flux rates calculated for this cycle in C3 plants, considerable ammonium could be accumulated if it were not being reassimilated. Other nitrogen-containing compounds are probably not important sources, considering the rapidity and amounts of ammonium generated.
Tabtoxin, produced by certain phytopathogenic pathovars of Pseudomonas syringae, leads to the chlorotic halo that characteristically surrounds the infection site. In the infected plant, tabtoxin is hydrolyzed to yield its biologically active form, tabtoxinine-, 8-lactam (12) [2-amino-4-(3-hydroxy-2-oxo-azacyclobutan-3-yl)-butanoic acid]; this compound is an inhibitor of GS3. It has been postulated that GS inhibition leads to the accumulation of ammonium and that it is the ammonium that causes the chlorosis (25) . Several findings support this proposal. First, ammonium per se is known to uncouple photophosphorylation (17) , disrupt chloroplast ultrastructure, and cause chlorosis. Second, ammonium accumulation and chlorosis are both light-dependent reactions (11) and can be reversed by the application of DCMU. Third, MSO, a known inhibitor of GS, acts similarly to tabtoxinine-f?- ' There are three major potential sources for the ammonium: nitrogen assimilation; photorespiration; and protein hydrolysis followed by degradation of amino acids. Both of the first two sources involve GS; this enzyme is the first of two enzymes in the so-called GS-GOGAT cycle, which is considered to be the primary pathway for nitrogen assimilation in higher plants (8, 13, 18, 32) . It also is reported (15, 16, 33) to play a role in photorespiration by recycling the ammonium released during the conversion of glycine to seine. At the flux rates calculated for this cycle in C3 plants, considerable ammonium could be accumulated if it were not being reassimilated. Other nitrogen-containing compounds are probably not important sources, considering the rapidity and amounts of ammonium generated.
Knowing the source of the accumulated ammonium could contribute to our understanding of both the mechanism of action of tabtoxin and the pathways of nitrogen metabolism in plants. Accordingly , we have studied the contributions that these three sources make to the ammonium pool in oat leaves treated with either tabtoxin or MSO. We also examined the effects of these compounds on alternate pathways of ammonium utilization, particularly GDH because of the long-standing idea that it may be important in assimilation, especially at high levels of ammonium (1) The excised leaves were incubated in the same environmental chamber in which the seedlings were grown, except for the controlled atmosphere experiments.
The concentration of nitrate in the media used by other investigators has varied from 3 mm to 21 mm. We found that ammonium accumulation at 4 h increased slighty with increasing medium nitrate concentration. Although 34 ,umol ammonium/g fresh weight accumulated using 21 mm medium nitrate compared to 28 ,umol ammonium/g fresh weight using 7.1 mm, we used the latter concentration, inasmuch as it was nearer that used to grow the (2) . Three distinct, nonturbid layers were produced by the addition of 3 ml H20 per 10 ml homogenate followed by centrifugation (3,000g for 10 min). The layers upper layer of methanol-water containing the polar solutes; middle layer containing protein and cellular debris; and bottom chloroform layer containing Chlwere separated by aspiration. This separation resulted in a complete removal of Chl from the ammonium, nitrate, and amino acids, and they were not detected in the chloroform layer. Aliquots of the methanol-water phase were taken for assays. Ammonium was determined by the colorimetric method of Cataldo et al. (5) , modified to increase the sensitivity of the assay. It was determined that 0.15 ml 1 N NaOH was consistently required for pH adjustment, so indicator dye was not used. Also, the reaction mixtures were not diluted after adding reagents C and D (5). A standard curve was linear between 0 and 0.15 mm ammonium. Nitrate was assayed by the Cataldo et al. method (4) . Total amino acid concentration was measured by the method of Moore (20) .
Protein was extracted with 0.1 N NaOH from the middle layer for '5N analysis and protein quantitation. Whole-leaf tissue, when extracted with 0.1 N NaOH for protein quantitation, gave values equal to those found in the middle layer. Thus, results of protein values from both extraction methods were pooled. Protein concentration of these extracts was determined by the Lowry et al.
procedure (19) , with BSA as a standard.
Samples were extracted for nitrate reductase activity by the method of Schrader et al. (29) and assayed as described by Scholl et al. (28) . GS, GDH, and GOT were extracted and assayed as described by Duke et al. (9 Controlled Atmosphere. Leaves were incubated in controlled atmosphere to compare ammonium accumulation with and without photorespiration. Petri dishes were placed in a 6.7-L acrylic plastic chamber containing inlet and outlet ports and a recirculation system. Gas supplied from cylindersof C02-free air, 5% CO2 in air, 02, and N2 was metered through microneedle valves to achieve the desired composition. The mixed gases, humidified by bubbling through H20, flowed at 2 I/min. 02 and CO2 concentrations were continuously monitored at the inlet and outlet ports with an 02 analyzer and an IR gas analyzer. CO2 concentration (31) . Active fractions were pooled, analyzed for purity on an amino acid analyzer, and quantified relative to glycine.
RESULTS AND DISCUSSION
Excised oat leaves incubated with KNO3 and MSO accumulated ammonium, whereas leaves in only KNO3 did not (Fig. 1) 
SOURCES OF TABTOXIN-INDUCED AMMONIUM
21.8 tsmol/g fresh weight at 4 h) and were consistent with previous reports of ammonium accumulation after toxin treatment (21, 30) .
GS activity was absent in extracts of leaves incubated for 4 h with tabtoxin (Table I ). The known inhibition of GS by tabtoxin in vitro (30) and the tabtoxin-induced ammonium accumulation suggest in vivo inhibition of GS. GDH activity in leaf extracts from control plants increased slightly with time (Table I) ; the greater increase observed in tabtoxin-treated leaves may be an ammonium detoxification response (1, 14) . However, these increases were not sufficient to assimilate the quantities of ammonium generated (e.g. at 4 h, 0.5 ,umol NH4+/h could potentially be assimilated by GDH compared to the 6 Itmol NH4+/h being generated).
The activity of GOT (Table I) , an enzyme representative of constitutive enzymes and involved in the photorespiratory cycle, and that of NR (data shown later), an inducible enzyme, were unaffected by tabtoxin. Durbin (10) at this early stage. Decreases in protein concentration and corresponding increases in amino acid concentration in lesions on tobacco leaves, reported earlier (10, 22) , were measured 24 to 48 h after tabtoxin application, whereas our results reflect the metabolic changes which occur early after tabtoxin application.
The concentrations of individual amino acids and urea varied significantly, despite a lack of change in total amino acid concentration. Large decreases were observed for Ala, Asx, and Glx, whereas increases were noted for Val, Leu, Ile, Pro, Phe, Orn, Thr, Lys, and urea (Fig. 2) . The Glx decrease of 94 and 98% in 6 h from the 0-h value for MSO and tabtoxin treatments, respectively, would be expected to result from GS inhibition. A 50% decrease, however was also noted in controls. The increases in ornithine and urea, coupled with the decrease in Asx, also suggest that increased activity of the ornithine cycle may be induced as a possible ammonium detoxifying mechanism (14) . The changes observed in amino acid patterns were generally similar to the changes noted in chlorotic tissue of infected oat leaves (22) .
When K'5N02 was used in 6-h incubations, nitrate pools of leaf extracts were enriched to 3.12 and 4.30 atom % excess 15N for tabtoxin and MSO treatments, respectively (Table II) . Inasmuch as the medium was 95 atom % excess in ' N, these data indicate a 22-to 30-fold dilution by endogenous nitrate pools. The ammonium fraction was enriched about twice as much as was the nitrate fraction, indicating that exogenous nitrate was being preferentially reduced. Neither tabtoxin nor MSO inhibited nitrate reductase (Table III) . Since NRA was not inhibited and enrichment of the ammonium fraction was observed, these experiments conclusively demonstrate that reduced nitrate contributes to the accumulated ammonium. However, the fact that enrichment of the ammonium fraction was considerably less than the 95 atom % excess of the medium 15N can be interpreted in several ways.
First, nitrate reductase acts on both exogenous nitrate (95 atom % excess) and endogenous nitrate (0 atom % excess) in a proportion that yields 6 to 8 atom % excess ammonium, and this is the sole source of the accumulated ammonium. Second, nitrate reductase acts only on exogenous nitrate, but ammonium also accumulated from internal sources, which results in a combined ammonium pool of 6 to 8 atom % excess. Third, both of the above occur. These possibilities will be discussed following evidence that photorespiration also contributes to the ammonium pool. The very low level enrichment of the amino acids and protein fractions (Table II) reflects the blocked assimilation of ammonium by GS inhibition. The organic N fraction may have been slightly enriched Plant Physiol. Vol. 69, 1982 by GDH or perhaps by GS before it was completely inhibited.
The ammonium generated by the glycine-to-serine conversion of photorespiration is believed to be assimilated by the GS-GO-GAT cycle (15, 33 
